Phytoremediation, the use of green plants to remove pollutants from the environment or to render them harmless (4) , has great potential for the remediation of polluted soils. "Phytoextraction" refers to the utilization of plants to transport and concentrate metals from the soil into the aboveground shoots (34) . Thlaspi caerulescens, a hyperaccumulating plant extensively studied due to its remarkable capacity to phytoextract zinc (Zn) and cadmium (Cd) from polluted soils (8, 15, 16) , has been suggested as a model species for research on metal phytoextraction (1) .
Traditionally, when evaluating the success of a phytoextraction process, emphasis has mostly been placed on metal removal from soil. However, most importantly, the ultimate goal of any phytoextraction process must be not only to remove the metal(s) from the soil, but also to restore soil health/functioning. Soil microbial properties, particularly those reflecting the biomass, activity, and diversity of the soil microbial communities, have great potential as bioindicators of the effects of disturbances (e.g., metal pollution) on soil functioning (7) .
DNA microarray technologies are rapidly becoming important tools for the analysis of complex microbial communities inhabiting various environments (14, 44, 47, 50, 56, 57) . A recently developed functional gene array, termed GeoChip (14) , has proven to be a valuable tool in the assessment of microbial-community responses to a variety of environmental conditions, including metal pollution (42) . Since this platform contains probes for genes with key biological functions (e.g., those involved in nitrogen, carbon, sulfur, and phosphorus cycling; metal reduction and resistance; and degradation of organic contaminants), it is particularly well suited for assessing the recovery of soilborne microbial communities from perturbations such as metal pollution. On the other hand, ammonia-oxidizing and chitin-degrading bacteria perform important roles within the soil ecosystem: the amoA gene codes for the ␣ subunit of ammonia monooxygenase, a key enzyme in aerobic ammonia-oxidizing bacteria that catalyzes the rate-limiting process of nitrification, i.e., the oxidation of ammonia to hydroxylamine (53) ; in turn, chitin (poly-N-acetyl-glucosamine) is one of the most abundant biopolymers on Earth (39) .
The objective of this work was to determine the impact of metal (Zn and Cd) pollution and T. caerulescens growth on soil functioning through the determination of soil microbial properties with potential as bioindicators of soil health: basal respiration; substrate-induced respiration; bacterial community structure as assessed by PCR-denaturing gradient gel electrophoresis (DGGE); community sizes of total bacteria, ammonia-oxidizing bacteria, and chitin-degrading bacteria as assessed by quantitative PCR (Q-PCR); and functional gene distributions via GeoChip analysis. The capacity of T. caerule-scens to phytoextract Zn and Cd from polluted soil was also assessed.
MATERIALS AND METHODS
Experimental design. A 4-month microcosm phytoextraction experiment was carried out with soil collected from the top layer (0 to 30 cm) of a natural grassland located in Derio (northern Spain). Immediately after collection, the soil was sieved to Ͻ4 mm. Small root particles were removed manually as far as possible. A soil subsample was air dried, passed through a 2-mm sieve, and subjected to physicochemical characterization (30) . The water content in soil samples was calculated by drying an aliquot of soil at 105°C for 24 h; soil parameters were corrected for water content. The soil was a clay loam with a pH of 5.2, an organic matter (OM) content of 4.12%, a total nitrogen (N) content of 0.23%, a C/N ratio of 10.4, a phosphorus (P) content of 26. 4 50 Cd, and (ix) 1,000 Zn plus 250 Cd. Metal-polluted soils were stored at a constant room temperature of 16°C and an average 15% relative humidity for 6 months. Study pots (17-cm diameter by 13-cm height) were filled with 1.5 kg (DW) of each of these polluted soils, which were then fertilized with 120 mg kg Ϫ1 of N, P, and K ϩ and subsequently allowed to precondition, under the greenhouse conditions described below, for 1 week.
Concurrently, T. caerulescens J. and C. Presl. seeds of a local ecotype, named Lanestosa, were germinated for 2 weeks (on a mixture of perlite and vermiculite, 2:3 [vol/vol], moistened with deionized water) in a growth chamber under the following controlled conditions: 20/16°C day/night temperatures, 70% relative humidity, and a photosynthetic photon flux density of 300 mol photons m Ϫ2 s
Ϫ1
by supplementing natural illumination with white cold lamps. Then, half of the study pots were planted with five T. caerulescens seedlings per pot, and the other half were kept unplanted as controls. A total of 18 treatments were studied (each in quadruplicate) in this experiment: 9 metal combinations (see above) for planted pots and 9 metal combinations for unplanted pots. The plants were then allowed to grow for 4 months in a soft polyethylene-covered greenhouse (Venlo type) located in Derio (northern Spain) at latitude 43°17ЈN, longitude 2°52ЈW, and an altitude of 65 m above sea level. The climate in this region is Atlantic temperate. The minimal temperature set points controlling air heating were 14/18°C night/day, and the maximal temperature set points were 18/20°C night/ day. Vent opening temperatures were 20/25°C night/day. During the experiment, the average temperatures were 15/24°C night/day, with an average relative humidity of 60% and an average photosynthetically active radiation of 459 mol photon m Ϫ2 s
. Throughout the experiment, plants were bottom watered periodically (as required to maintain a 1-cm depth in the pot plates).
After 4 months, shoots and roots were harvested by cutting the shoots exactly at the swelling formed in the root-shoot junction, and the metal contents were determined (see below). Half of the soil present in the study pots was sampled, and soil physicochemical and microbial properties were determined (see below). The remaining half was used to grow alfalfa (Medicago sativa L.) in order to assess the capacity of the soil to support plant growth at the end of the experiment: 1 g of alfalfa seeds (approximately 100 seeds) was sown in each study pot. The alfalfa plants were then allowed to grow under the same greenhouse conditions described above for 2 months (the plants were bottom watered periodically as described above). Finally, shoots were harvested, washed thoroughly with deionized water, and oven dried at 70°C for 48 h, and their dry weights were recorded.
Soil physicochemical parameters. Soil was sampled at the end of the experiment, i.e., 4 months after T. caerulescens plant transplantation. For soil physicochemical analysis, soils were air dried and sieved to Ͻ2 mm. Soil pH, OM content, total N, nitrate content, extractable P, and potassium (K ϩ ) were measured following standard methods (30) . Total concentrations of metals in soil were determined using flame atomic absorption spectrometry (AAS) (Varian) following digestion with a mixture of HNO 3 /HClO 4 (55) . The CaCl 2 -extractable (0.01 M CaCl 2 ) fraction of metals was determined according to the method of Houba et al. (18) and analyzed using AAS.
Soil microbial parameters. For microbial parameters, soils were sieved to Ͻ2 mm and stored fresh at 4°C until they were analyzed. Soil basal respiration was determined according to International Organization for Standardization (ISO) norm 16072 (Laboratory Methods for Determination of Microbial Soil Respiration) at 30°C and a water holding capacity (WHC) of 60%. Substrate-induced respiration (SIR) was determined, with glucose as a substrate, following ISO norm 17155 (Determination of Abundance and Activity of Soil Microflora Using Respiration Curves). The microbial respiration quotient (Q R ) was calculated (Q R ϭ basal respiration/SIR).
Soil samples for DNA analysis were sieved to Ͻ2 mm and stored fresh at Ϫ20°C. DNA was extracted from soil samples (0.25 g soil) using a Power Soil DNA Isolation Kit (MO Bio Laboratories, CA) according to the manufacturer's specifications. Prior to DNA extraction, soil samples were washed twice in 120 mM K 2 HPO 4 (pH 8.0) to wash away extracellular DNA (21) . The amounts of DNA in our samples were determined on an ND-1000 spectrophotometer.
Q-PCR measurements of gene copy abundance were carried out according to the method of Yergeau et al. (51, 52) . The primers and amplification regimes used to assess (i) 16S rRNA gene fragments for total bacteria, (ii) ammonia monooxygenase genes (amoA) for ammonia-oxidizing bacteria, and (iii) group A bacterial chitinases for chitin-degrading bacteria are summarized in Table 1 .
DGGE and GeoChip analyses were performed for only the four most extreme treatments of the study (in mg kg Ϫ1 [DW]): 250 Zn plus 0 Cd planted, 250 Zn plus 0 Cd unplanted, 1,000 Zn plus 250 Cd planted, and 1,000 Zn plus 250 Cd unplanted. For DGGE, bacterial 16S rRNA gene fragments were amplified by using the primer pair F968-GC/R1378 (17) . PCR and DGGE analyses were carried out following the method of Yergeau et al. (51) . The resulting binary (presence-absence) matrices from the DGGE were used to calculate Jaccard similarity indexes (C J ) among treatments (C J ϭ a/a ϩ b ϩ c, where a is the total number of bands present in both treatments, b is the number of bands present only in the first treatment, and c is the number of bands present only in the second treatment) (19) . Before GeoChip analysis, a desalting protocol was applied to the DNA in order to remove contaminants and improve 260/230 ratios. Samples were precipitated with 2.5ϫ volumes of 100% ice-cold ethanol and a 1:10 volume of NaOAc (3 M; pH 5.2). After 3 h of incubation at room temperature, the samples were centrifuged (13,000 ϫ g; 30 min), and the resulting pellet was washed with 70% ethanol. The samples were then centrifuged (13,000 ϫ g; 10 min), decanted, dried at room temperature, and finally resuspended in 0.1 ml of nuclease-free water. The rest of the protocol for the GeoChip analyses is a modification of the one described by Yergeau et al. (52) . Due to the small amounts of DNA recovered from several samples, rolling-circle amplification was carried out prior to GeoChip analysis, using the TempliPhi kit (Amersham, Piscataway, NJ) according to the manufacturer's specifications. Spermidine (0.1 g l
) and single-stranded DNA binding protein (ϳ260 ng l Ϫ1 ) were added to the reaction mixtures to facilitate amplification. The reaction mixtures were incubated at 30°C for 6 h, and the enzyme was then inactivated by incubation at 65°C for 10 min and cooled at 4°C. The rolling-circle amplification products were labeled with Cy5 dye, and amplification products were denatured for 5 min at 99.9°C in a solution containing 1ϫ random octamer primer mixture (Invitrogen, Carlsbad, CA) and immediately chilled on ice. Following denaturation, the following components were added: 50 nmol dATP, dGTP, and dCTP; 25 nmol dTTP; 25 nM Cy5 dye-inserted dTTP; and 80 U of the large Klenow fragment (the large fragment of DNA polymerase I; Invitrogen). The reaction mixtures were then incubated at Prior to hybridization, dried, labeled DNA was resuspended in a solution containing 50% formamide, 3ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate), 0.3% SDS, 0.7 g l Ϫ1 herring sperm DNA, and 0.8 nM dithiothreitol (DTT). This solution was incubated at 98°C for 3 min and kept at 65°C until it was hybridized. Hybridizations were performed using an HS4800 Hybridization Station (Tecan U.S., Durham, NC) at 42°C for 10 h.
Microarrays were scanned using a ProScanArray microarray scanner (Perkin Elmer, Boston, MA). The emitted fluorescent signal was detected by a photomultiplier tube (PMT) at 633 nm using a laser power of 95% and a PMT gain of 64%. The images were then processed with ImaGene 6.0 software (BioDiscovery, El Segundo, CA), with which a grid of individual circles defining the location of each DNA spot on the array was superimposed on the image in order to designate each fluorescent spot to be quantified. Hybridization spots with a signalnoise ratio (SNR) of Ն2 (13) were kept for further analysis. Normalization among slides was done based on the mean signals of all spots (49) . Outliers of a gene within replicate slides (Ͼ2 standard deviations) were removed, and gene detection was considered positive when a positive hybridization signal was obtained for at least 33% of spots targeting the gene among all replicates.
Plant parameters. T. caerulescens plants were harvested at the end of the experiment (4 months after being transplanted). For metal analyses, shoots and roots were washed thoroughly with deionized water to remove soil particles. For metal desorption, roots were also washed with 1% HNO 3 . Subsequently, shoots and roots were oven dried at 70°C for 48 h, and their dry weights were recorded. Subsamples of dried plant tissue were digested with a mixture of HNO 3 and HClO 4 (55) , and subsequently, Zn and Cd in the digest were determined using AAS.
Statistical analysis. Significant differences (P Ͻ 0.05) between treatments were analyzed by two-way analysis of variance (ANOVA), using Microsoft Stat View software (SAS Institute), with either the soil metal concentration and plant presence or soil Zn and Cd as factors. The Tukey-Kramer test was used to establish the significance (P Ͻ 0.05) of the differences among means. Relationships between soil microbial and physicochemical parameters were examined by means of principal-component analysis (PCA) applied to the correlation matrix of these variables. In this way, PCA not only revealed the multivariate relationships between data, but was also used as a dimension reduction technique.
To choose between linear and unimodal models of response in DGGE binary matrices and GeoChip data, a detrended correspondence analysis (DCA) was applied: the length of the first and the remaining axes of this DCA were short (eigenvalue [], Ͻ2.5 standard deviations), suggesting low beta diversity in our data along ordination axes; therefore, a linear response model was selected. Then, a redundancy analysis (RDA) was applied to explain DGGE and GeoChip data as a function of linear combinations of two variables: T. caerulescens shoot biomass and soil metal concentration (40) . To explore the individual and shared effects of shoot biomass versus soil metal concentration on patterns in DGGE and GeoChip data, variation partitioning procedures were employed (23) . RDAs were also performed to identify the physicochemical and microbial soil parameters with the most significant influence on DGGE and GeoChip data. All multivariate analyses were performed in Canoco for Windows 4.5 (41). Pearson's correlations between Q-PCR and GeoChip results were calculated using the SPSS program (38) .
RESULTS

Plant parameters.
Regarding shoot biomass at the end of the experiment (Table 2) , neither the Zn nor the Cd concentration resulted in significant differences among treatments. No significant interaction was found between soil Zn and Cd concentrations for root Zn concentrations and shoot and root Cd concentrations (Fig. 1) . Increasing soil metal concentrations led to significantly higher values of their respective tissue metal concentrations (metal concentrations were higher in shoots than in roots). In contrast, there was a significant inter- (DW), the shoot Zn concentration was significantly higher in the presence of 250 mg Cd kg Ϫ1 (DW). With respect to translocation factors (TF) (TF ϭ shoot metal concentration/root metal concentration) (data not shown), a significant interaction was observed between soil Zn and Cd concentrations. The highest values of TF were found in treatments with (in mg kg Ϫ1 [DW]) 250/250 and 1,000/250 for Zn (TF ϭ 11.1) and Cd (TF ϭ 3.8), respectively. Similarly, a significant interaction was found between soil Zn and Cd concentrations in relation to the amount of metal phytoextracted (shoot metal concentration ϫ shoot biomass) ( Table 2) : the highest values for phytoextracted Zn and Cd were observed in treatments with 1,000/250 (43.4 mg) and 250/250 (10.6 mg), respectively.
A significant interaction was found between the soil metal concentration and plant presence for values of total and CaCl 2 -extractable soil Zn and Cd concentrations (Table 3) . Considering the single metals separately, soil Zn and Cd concentrations led to significant differences between treatments (apart from the soil Cd concentration and values for total Zn). A significant interaction was found between the soil Cd and Zn concentrations in planted and unplanted pots, except for CaCl 2 -extractable Zn in the absence of T. caerulescens. In unplanted pots, CaCl 2 -extractable Cd was significantly higher in treatments with (in mg kg Ϫ1 [DW]) 500/250 and 1,000/250 (Table 3) . In planted pots, total and CaCl 2 -extractable Zn levels were lower in treatments with 1,000/250 than in treatments with 1,000/0 and 1.000/50. Although, in general, the differences were not statistically significant, planted soils showed lower total and CaCl 2 -extractable metal concentrations than unplanted soils. Regarding the amount of metal remaining in the soil at the end of the experiment (Table 2) , there was a significant interaction between soil Zn and Cd concentrations. In soils polluted with 500 mg Zn kg Ϫ1 (DW) soil, the amount of Zn remaining in the soil was 2 to 8% lower in planted versus unplanted pots; in soils polluted with 1,000 mg Zn kg Ϫ1 (DW) soil, the amount of Zn remaining in the soil was 4 to 14% lower in planted versus unplanted pots (the differences between planted and unplanted soils were higher at higher soil Cd concentrations). Similarly, in soils polluted with 50 mg Cd kg Ϫ1 (DW) soil, the amount of Cd remaining in the soil was 1 to 6% lower in planted versus unplanted pots; in soils polluted with 250 mg Cd kg Ϫ1 (DW) soil, the amount of Cd remaining in the soil was 8 to 28% lower in planted versus unplanted pots. Treatment with (in mg kg Ϫ1 [DW]) 1,000/250 showed the greatest differences between planted and unplanted pots regarding the amount of metal remaining in the soil: 1,236 and 254 mg of Zn and Cd, respectively, for planted pots versus 1,439 and 354 mg of Zn and Cd, respectively, for unplanted pots.
Plant productivity. Alfalfa growth was highly inhibited by the presence of both metals (actually, growth was observed only in treatments with (in mg kg Ϫ1 [DW]) 250/0, 250/50, and 500/0). In previously unplanted soils, the following values of alfalfa shoot biomass were found for treatments with 250/0, 250/50, and 500/0, respectively: 1.80 Ϯ 0.33, 0.14 Ϯ 0.04, and 0.16 Ϯ 0.05 g (DW) shoots. In previously planted (with T. shoots. For 250/0 treatment, values of alfalfa shoot biomass were 49% lower in previously planted versus previously unplanted pots (conversely, under treatment with 250/50 and 500/0, values of alfalfa shoot biomass were 26% and 34% higher, respectively, in previously planted versus unplanted soils). Soil microbial and physicochemical parameters. Table 4 shows values of basal respiration, SIR, and Q R at the end of the experiment. For basal respiration, two-way ANOVA indicated a significant interaction between the soil metal concentration and plant presence. Considering the single metals separately, the presence of Zn in unplanted soils led to significant differences between treatments regarding basal respiration: lower values were found at higher Zn concentrations (in planted soils, a significant interaction was found between soil Zn and Cd concentrations). No significant interaction was observed between the soil metal concentration and plant presence for SIR and Q R : values of SIR in treatments with 250/50 and 250-250 were significantly higher than in treatments with 250/0. Also, planted soils showed significantly higher values of SIR than unplanted soils. The highest and lowest values of Q R were found under treatments with 250/0 and 1,000/250, respectively. Considering the single metals separately, a significant interaction was found between soil Zn and Cd concentrations in planted and unplanted pots for both SIR and Q R .
The abundance of bacterial 16S rRNA gene fragments (total bacteria) did not show a significant interaction between the soil metal concentration and plant presence (planted soils showed higher values than unplanted soils) ( Table 5 ). Considering the single metals separately, in unplanted pots, a significant interaction was found between soil Zn and Cd concentrations; in planted pots, the presence of Cd led to significant differences between treatments. Regarding the abundance of chitinase and ammonia monooxygenase gene copies, a significant interaction was found between the soil metal concentration and plant presence ( Table 5 ). Values of ammonia-oxidizing gene abundance were higher in treatments with 250/50 unplanted versus 1,000/250 unplanted and 1,000/50 planted. Considering the single metals separately, a significant interaction was observed between soil Zn and Cd concentrations in unplanted (not in planted) pots.
The application of PCA to all soil physicochemical and microbial parameters (Fig. 2) separated soils subjected to different levels of Zn pollution along axis 1, which accounted for 29% of the variance. Soils treated with 250 mg Zn kg Ϫ1 (DW) showed higher values for nitrate, alfalfa growth, amoA gene abundance, extractable P content, and basal respiration. These five parameters were positively correlated with each other and negatively correlated with soil pH. No clear patterns were observed when the soil Cd concentration and physicochemical or microbial parameters were compared. Planted and unplanted pots were also separated. Planted pots showed higher values for SIR, bacterial 16S rRNA gene copies, and group A bacterial chitinase gene copies and lower values for total N and K ϩ content.
Concerning the values of soil pH at the end of the experiment, a significant interaction was observed between soil Zn and Cd concentrations and between the soil Zn concentration and plant presence: in soils treated with 50 mg Cd kg Ϫ1 (DW), pH values were significantly higher in soils treated with 1,000 mg Zn kg In the comparison of treatments based upon Jaccard indices of bacterial-specific PCR-DGGE analysis, the treatment pairs 250/0 unplanted-250/0 planted and 1,000/250 unplanted-1,000/ 250 planted showed the highest levels of similarity (C J ϭ 0.64 and C J ϭ 0.66, respectively). All other pairwise comparisons yielded Jaccard index values ranging between 0.40 and 0.46. According to RDA, the soil metal concentration and T. caerulescens shoot biomass explained 41% of the total inertia present in the DGGE data. After the influence of selected sets of covariables was partitioned out, most of the explained variation in DGGE data was attributable to changes in the soil metal concentration (31.7%) and only 7.0% could be attributed to changes in T. caerulescens shoot biomass. In further RDA analysis, the soil properties that yielded P values of Ͻ0.05 after forward selection were basal respiration (P Ͻ 0.001) and pH (P Ͻ 0.008). Table 6 shows a summary of the genes detected in the GeoChip for each treatment. In every gene category, significantly more genes were detected in polluted (1,000/250) than in nonpolluted (250/0) soils, and gene detection was higher in planted than in unplanted soils (although this difference was significant only for the C-cycle and heavy-metal gene categories in metal-polluted and nonpolluted pots, respectively). RDA explained a high percentage (above 54%) of the total inertia present in the GeoChip data. After the influence of selected covariables (T. caerulescens shoot biomass and metal concentration) was partitioned out, most of the explained variation was due to changes in the soil metal concentration. Indeed, for every gene category, the soil metal concentration explained from 35.2 to 46.7% of the data variation, while T. caerulescens shoot biomass explained from 14.7 to 16.1%.
Metal-polluted (1,000/250) planted soils had the highest percentage of unique genes detected via GeoChip (genes that were found only in that treatment), representing 35.0% of all genes detected in the treatment. In contrast, nonpolluted soils showed a low percentage of unique genes (4.4% and 5.0% in unplanted and planted soils, respectively). Also, the two metalpolluted treatments had the highest degree of overlap in detected genes among pairwise comparisons between treatments (52.2%).
In order to gain insight into the level of functional redundancy across soils with different treatments, binary presenceabsence data for detected gene variants were compared. The gene families that were well represented (with a minimum of 5 gene variants detected) and that showed significant (P Ͻ 0.05) differences between treatments according to ANOVA are shown in Fig. 3 . As a general pattern, metal polluted (1,000/ 250) and planted soils showed larger numbers of gene variants than nonpolluted and unplanted soils, respectively.
All 12 of the gene targets on the GeoChip associated with Zn and/or Cd resistance genes were detected in metal-polluted (1,000/250) planted soils, while only 7 of them were found in metal-polluted (1,000/250) unplanted soils. Five were detected in 250/0 planted soils and just 1 in the nonpolluted unplanted soils.
For some groups of genes, it was possible to compare GeoChip results with gene family-specific quantitative PCR. However, no significant correlations were found in the detected abundances of ammonia monooxygenase (amoA) and group A bacterial chitinase genes in comparisons across these two platforms.
RDAs were also performed for each gene category in order to identify the soil physicochemical and microbial properties that had the most significant influence on functional-gene de- tection. The soil properties that yielded P values of Ͻ0.05 after forward selection were SIR and K ϩ content for the C cycle, sulfate reduction, and organic-contaminant degradation gene categories. In contrast, SIR and nitrate content yielded P values of Ͻ0.05 after forward selection for the N cycle and metal reduction and resistance gene categories.
DISCUSSION
Metal phytoextraction. The T. caerulescens Lanestosa ecotype proved to have a great capacity for Zn and Cd hyperaccumulation. Shoot Cd concentrations reached values above the hyperaccumulation threshold of 100 mg Cd kg Ϫ1 (DW) (2), as previously observed (8) . T. caerulescens plants did not show any phytotoxicity symptoms in the presence of high levels of metals. Our results confirm that the T. caerulescens Lanestosa ecotype has an elevated tolerance for Cd, a heavy metal for which few hyperaccumulator species are known (2) . At soil Zn concentrations of 250 and 500 mg kg Ϫ1 (DW), the presence of 250 mg Cd kg Ϫ1 (DW) soil significantly stimulated Zn shoot accumulation (and also Zn translocation at 250 mg Zn kg
Ϫ1
[DW]). Translocation factors for both metals were Ͼ1, as is usually the case with hyperaccumulators (28) . T. caerulescens plants showed promising bioconcentration factors for Cd (up to 8.0) and Zn (up to 17.4), considering that 10 is the threshold value reported for a phytoextraction process to be considered feasible (27) . For phytoextraction, bioconcentration factors are more important than shoot metal concentrations (54) .
If one assumes that metal pollution is restricted to the active rooting zone of T. caerulescens (the top 20-cm soil layer), which would give a total soil mass to be remediated of 2,600 tons ha Ϫ1 (considering a bulk density of 1.3 tons m Ϫ3 ) and a T. caerulescens biomass yield of 5 tons ha Ϫ1 (55), according to our highest soil and shoot metal concentration values, it would take 44 and 72 consecutive crops to reduce the initial soil Zn and Cd concentrations in treatment with 1,000/250 to 300 mg Zn kg Ϫ1 and 3 mg Cd kg Ϫ1 , the target endpoint concentrations used by Lombi et al. (24) . Thus, assuming 2 crops per year, 36 years would be needed to reduce both metals below permissible levels. However, as the metal concentration in shoots might decrease with decreasing metal content in soil, this calculation represents only a theoretical abstraction.
Impact of metal pollution on soil properties. Biological parameters, especially those related to the activity, size, and diversity of soil microbial communities, are increasingly being used to assess the impact of pollutants on soil functioning due to their sensitivity, rapid response, and capacity to provide information that integrates many environmental factors (6, 8, 16). Basal respiration has been shown to be negatively affected by the presence of heavy metals (5, 20) . In our study, Zn concentrations were negatively correlated with basal respiration, abundance of ammonia oxidizer genes, and alfalfa growth (i.e., the capacity of the phytoremediated soil to support plant growth). Mertens et al. (29) reported that ammonia oxidizer populations were sensitive to increasing Zn concentrations in artificially contaminated soils. In our study, these three parameters were also negatively correlated with soil pH. Thus, soil pH and not Zn could be responsible for these responses. However, Wang et al. (43) reported a positive correlation between soil biological activities and pH. Finally, it must be kept in mind that the abundance of ammonia oxidizer genes was also positively correlated with the soil nitrate content.
In treatment with (in mg kg Ϫ1 [DW]) 1,000/250, heavy metals had clear effects on the soil bacterial community profiles, in accordance with previous studies that have detected metalinduced shifts in the soil bacterial communities using DGGE and other molecular techniques (12, 35) .
The distribution of microbial functional genes, as determined by the GeoChip, was also most affected by the presence of metals. Unlike soil properties related to microbial activity or biomass, the number of genes detected significantly increased as a result of metal pollution, regardless of the gene category. Similarly, functional redundancy appeared higher as a response to metal pollution, and lower numbers of unique genes were found in the nonpolluted soils. We did not find significant correlations between Q-PCR data and the corresponding gene abundance detected by the GeoChip. This is not surprising, as these discrepancies may be due to differences in coverage of the respective gene families between the two approaches (52) or biases due to technical issues, such as rolling-circle amplification efficiency (33, 37) . On the other hand, Zn and Cd resistance genes increased considerably in polluted soils, suggesting that 10 months of exposure (6 months of aging plus 4 months of the experiment) are enough for the soil microbial communities to develop genotypic responses to Zn and Cd pollution. In any case, short-term and long-term exposure to heavy metals may cause different quantitative and qualitative effects on soil bacteria (32) .
The soil toxicity test, based on the quantification of alfalfa productivity at the end of the experiment, showed that residual Zn and Cd levels were still very toxic for this plant species (growth was observed only under treatments with 250/0, 250/ 50, and 500/0, with much higher growth under 250/0). Thus, phytoremediated soils retained phytotoxic properties, although one must keep in mind that such assays are influenced by a variety of factors, including the species used, the type and levels of pollution, and the edaphic and environmental factors of the assay.
Effect of T. caerulescens on soil properties. Planted soils showed higher values of microbial biomass data, which were all positively correlated with each other despite targeting different portions of the soil microbial community (e.g., SIR, an indicator of potentially active microbial biomass, was positively correlated with total and chitin-degrading bacterial-gene abundances). The lower values of total N and extractable K ϩ observed in planted versus unplanted soils were most likely due to plant uptake. A positive effect of vegetation on these properties has previously been attributed to associated improvements in soil conditions due to the presence of greater quantities of organic compounds and surfaces for microbial colonization (10) . In similar phytoextraction experiments with T. caerulescens, we found higher values of microbial activity in rhizosphere versus nonrhizosphere soil (8, 16) .
In treatment with (in mg kg Ϫ1 [DW]) 250/0, alfalfa growth was lower in previously planted soils, probably due to the reduction in soil nutrient levels caused by T. caerulescens growth. However, in treatments with 250/50 and 500/0, alfalfa growth was higher in previously planted soils, possibly owing to the reduction in soil metal concentrations caused by T. caerulescens, which more than compensated for the negative effect of decreased nutrient levels.
With respect to bacterial community profiles, no major dif- ferences were found between planted and unplanted soils. Similarly, in a phytoremediation study with poplars, Frey et al. (9) reported that the DGGE patterns of Pseudomonas populations of unplanted and planted treatments were similar. However, Wang et al. (45) found differences in bacterial community compositions (also measured with DGGE) between Elsholtzia splendens-and Trifolium repens-planted and unplanted Cu-polluted soils. In our study, although the presence of plants explained a small percentage of the variability of the GeoChip data, the number of genes detected and the functional redundancy in planted soils were higher (but rarely significantly) for every gene category than in unplanted soils. Current knowledge suggests a high functional redundancy in the soil ecosystem (48) . A higher functional redundancy is a priori associated with higher stability, which comprises both resilience, the ability of the system to recover after disturbance, and resistance, the inherent capacity of the system to withstand disturbance (22) . Frey et al. (9) found that bacterial populations (Pseudomonasand amoA-containing populations) were able to recover after the relief of metal stress by phytoextraction practices, whereas bulk microbial activities still remained depressed. FIG. 3 . Number of gene variants detected in the GeoChip functional gene array in planted (P) and unplanted (UP) soils polluted with different Zn (first value) and Cd (second value) concentrations at the end of the experiment. Only those gene variants that were well represented (with a minimum of 5 gene variants) and that showed significant differences (P Ͻ 0.05) among treatments, according to ANOVA, are presented.
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T. caerulescens-planted and metal-polluted (1,000/250) soils showed the highest number of unique genes. Moreover, the abundance of Zn and/or Cd resistance genes detected was higher in T. caerulescens-planted than unplanted soils, even in the absence of metals. Out of the 12 Zn and/or Cd resistance genes detected, 3 belonged to Staphylococcus spp. There are quite a few reports on the effects of metals on microbial communities in bulk soils (3, 36) , but information on the microbial community present in the rhizosphere of heavy-metal-accumulating plants is still scarce. In particular, it is unclear if heavy-metalaccumulating plants selectively affect bacterial community composition in heavy-metal-contaminated soils. Addressing this issue, Gremion et al. (11) studied rRNA-based clone libraries from T. caerulescens rhizosphere samples, finding that Actinobacteria (and more specifically Rubrobacteria) might be a dominant part of the metabolically active bacteria in the rhizosphere of this hyperaccumulator.
As proven here, although effective phytoextraction can take unacceptably long periods of time, the growth of the phytoremediating plant might have a beneficial effect on soil health in a very short time, actually enhancing the activity and functionality of the soil microbial communities. For instance, 14 and 28% reductions in the amounts of soil Zn and Cd, respectively, were observed in treatment with (in mg kg Ϫ1 [DW]) 1,000/250 as a result of the phytoextraction process; nonetheless, T. caerulescens growth led to 103 and 73% increases in the SIR and abundance of bacterial 16S rRNA gene fragments, respectively. In consequence, the ultimate goal of a phytoextraction process (the recovery of soil health) can be achieved much earlier than the removal of the metal(s) from the soil. This kind of consideration must be taken into account when carrying out ecological risk assessments. It was concluded that soil microbial properties have great potential for the assessment of the efficiency of phytoextraction processes.
